Oncolytic adenoviruses are under investigation as a promising novel strategy for cancer immunotherapeutics. Unfortunately, there is no immunocompetent mouse cancer model to test oncolytic adenovirus because murine cancer cells are generally unable to produce infectious viral progeny from human adenoviruses. We find that the murine K-ras-induced lung adenocarcinoma cell line ADS-12 supports adenoviral infection and generates infectious viral progeny. ADS-12 cells express the coxsackie and adenovirus receptor and infected ADS-12 cells express the viral protein E1A. We find that our previously described oncolytic virus, adenovirus TAV-255 (AdTAV-255), kills ADS-12 cells in a dose-and time-dependent manner. We investigated ADS-12 cells as an in-vivo model system for replicating oncolytic adenoviruses. Subcutaneous injection of ADS-12 cells into immunocompetent 129 mice led to tumor formation in all injected mice. Intratumoral injection of AdTAV-255 in established tumors causes a significant reduction in tumor growth. This model system represents the first fully immunocompetent mouse model for cancer treatment with replicating oncolytic adenoviruses, and therefore will be useful to study the therapeutic effect of oncolytic adenoviruses in general and particularly immunostimulatory viruses designed to evoke an antitumor immune response.
INTRODUCTION
Oncolytic viruses preferentially replicate in cancer cells while sparing normal cells 1 and can have a fundamental impact on cancer therapy. 2 Whether replication-deficient or replicationcompetent, oncolytic viruses may provide selective and potent anticancer activity that can be due to viral replication or in some cases the expression of therapeutic transgenes. 3 Adenovirus type 5 is a robust and flexible platform for gene delivery and has been modified to develop many oncolytic viruses. Unlike chemotherapeutic agents and molecularly targeted agents, oncoloytic viruses can replicate and can induce a potent immune response that can enhance the therapeutic activity of the virus, but can limit the distribution of the virus to tumor cells. Although repeated administration until progression is the norm for currently available antineoplastic agents, different strategies must be considered to maximize the potential of oncolytic viruses. In particular, the immune response to the virus, which is generally considered a barrier to repetitive administration, may be harnessed to enhance antitumor efficacy.
In order to model oncolytic adenovirus treatment, researchers have generally used human tumor xenografts that support viral replication in immunocompromised mice. Because xenografts require an immunodeficient host, those model systems will not reflect a host's adaptive immune response against the virus and cannot model the effect of the virus on inducing an antitumor immune response. To test the potential therapeutic activity of oncolytic viruses, an animal model should be immunocompetent and support active viral infection, including both cell lysis and production of infectious viral progeny. Unfortunately, mice are poor model systems for therapy with replication competent human adenoviruses because murine tumor cells are often not infected by human adenovirus and are generally unable to produce infectious viral progeny. 4, 5 Consequently, our ability to study the impact of viral replication within tumor cells on the immune system is limited by lack of a mouse model system, particularly for adenovirus where human adenoviruses can infect mouse cells but do not complete an infective cycle to release new infectious particles. [4] [5] [6] [7] In the absence of an effective mouse model system, researchers have turned to the Syrian hamster model; 8 however, this model system, while effective for studying replicating human adenovirus, is limited by the accessibility of reagents to study immunological parameters. Therefore, the availability of a mouse model that could more effectively parallel the oncolytic activity of human adenoviruses could accelerate our ability to understand the interaction between oncolytic viruses and the immune system. In this study, we find that the murine lung adenocarcinoma cell line, ADS-12, supports adenoviral infection, expresses E1A, generates infectious viral progeny and responds to treatment with the oncolytic human adenovirus, AdTAV-255 (adenovirus TAV-255). Thus this novel K-ras mutant lung cancer model in fully immunocompetent mice is useful for evaluation of the host immune response to oncolytic human adenoviruses.
MATERIALS AND METHODS
Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA); cell culture reagents were obtained from Gibco (Grand Island, NY, USA) or Thermo Scientific (Waltham, MA, USA).
Cancer cell lines and adenovirus
Cancer cell lines. Murine K-ras mutant lung adenocarcinoma cell line (LKR-13) and murine sarcoma cell line (F244) were kindly provided Dr Tyler Jacks (Massachusetts Institute of Technology), and Dr Jack Bui (University of California, San Diego, CA, USA), respectively. ADR-12 cells were derived from LKR-13 cells by clonal isolation and testing for sensitivity to adeno-viral infection. The murine melanoma cell line (B16F10), murine colorectal carcinoma cell line (CT26), human lung adenocarcinoma epithelial cell line (A549) and human embryonic kidney cell line (HEK293) were obtained from the American Type Culture Collection (ATCC). LKR-13, ADS-12 and F244 cells were grown in RPMI 1640 complete medium and CT26 cells and A549 cells were grown in Dulbecco's modified Eagle's complete medium. All complete medium were supplemented with 10% fetal calf serum, L-glutamine (2 mmol l − 1 ), penicillin (100 IU ml
), and streptomycin (50 μg ml − 1 ). All cell lines were maintained at 37°C in a humidified atmosphere at 5% CO 2 .
Adenovirus TAV-255. Adenovirus TAV-255 (AdTAV-255) carries a 50 nucleotide deletion in the promoter of E1A, possesses tumor selective expression of both E1a and E1b along with potent tumor-selective oncolytic activity. 9 AdTAV-255 was produced in HEK-293A cells. Cells were infected with multiplicity of infection (MOI) of 1 and after 3 days post infection, cells were collected and resuspended in complete medium and lysed by three freeze-thaw cycles. Lysate was purified and concentrated using Fast-Trap Virus purification and concentration kits (Millipore, Billerica, MA, USA). Aliquots were kept frozen at − 80°C.
Virus plaque assay
Plaque assays were performed as described by VIRAPUR (San Diego, CA, USA). HEK-293 cells were seeded into six-well plates at 7.5 × 10 5 . After 16 h, the cells were infected with 10 μl of each serial dilution of AdTAV-255 to the appropriately labeled well and incubated for 4 h in the incubator, then media was removed from the wells and they were overlaid with 2 ml 1% of SeaPlaque agarose in media. Plaques were visible by days 5-7 after infection. Wells were stained for 3 h at 37°C by adding 100 μl of (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT solution (5 mg ml − 1 in phosphate-buffered saline (PBS)) and plaques were counted.
Cell growth curve ADS-12 cells were plated on 12-well and 6-well plates at a concentration of 1 × 10 4 and 2 × 10 4 cells per well, respectively. These cells were allowed to grow for 3 days in Dulbecco's modified Eagle's complete medium supplemented with 10% fetal bovine serum, 2 mmol l − 1 L-glutamine, 100 U ml
penicillin and 100 μg ml − 1 streptomycin under a 5% CO 2 atmosphere at 37°C. The number of cells was counted every 24 h with trypsinization and trypan blue staining. Cell number was determined by using a hemocytometer. Cell viability was determined by trypan blue exclusion. Growth curve was generated by plotting the number of cells versus time.
Cell viability assay
MTT assay. ADS-12 cells and CT26 cells were seeded into 96-well plates at 5 × 10 3 or 1 × 10 4 cells per well, respectively. The next day they were infected with AdTAV-255 at MOI of 3, 10, 20 and 30 in triplicate based on cell number. At 3 and 6 days post infection, 10 μl MTT (5 mg ml − 1 ) (Molecular Probes, Grand Island, NY, USA) was added into each well for 3 h, then 50 μl dimethyl sulfoxide was added to each well and the plates were incubated for 5 min at 37°C to dissolve the formazan crystals. Absorbance was measured at a wavelength of 560/600 nm.
Crystal-violet staining. Cells were grown in 24-well plates and infected with AdTAV-255 at MOI of 5, 10 and 20. After 4 days post infection, the media was removed and cells were washed with PBS. Cells were then stained with crystal-violet (0.1% crystal-violet, 10% formaldehyde and 20% ethanol) for 20 min at room temperature, followed by rinsing with PBS and left for drying at room temperature.
Clonogenic assay. ADS-12 cells were seeded into 12-well plates at 2.5 × 10 4 . The next day the cells were infected with AdTAV-255 at MOI of 10 and 20. After 3 days post infection, both uninfected and infected cells were counted and plated in six-well plates at 300 cells per well in duplicate. Once colonies were of sufficient size of at least 50 cells, culture medium was removed from the plates and cells were rinsed with PBS. Fixation and staining of clones was done with a mixture of crystal-violet (0.1% crystal-violet, 10% formaldehyde and 20% ethanol) for 20 min. Plates were rinsed with PBS and left for drying at room temperature. 10 Counting of clones using Image J (imagej.nih.gov/ij) was done on the following day.
Viral yield assay ADS-12, F244 and A549 cells were plated into 12-well plates at 1 × 10 5 cells per well. The next day, the cells were infected with AdTAV-255 at MOI of 10 based on cell number. At 48, 72 and 96 h post infection the plates were placed in − 80°C. The cells were lysed with three freeze thaw cycles to release virus. Viral titer from each sample was quantified by plaque assay using HEK-293A cells.
In a separate experiment, ADS-12 cells seeded at 2 × 10 5 cells per well were infected with TAV-255 at 1 MOI. Wells were supplemented with an additional 500 μl of media every 3 days. At 1, 4, and 7 days after infection, media was removed from triplicate wells without disturbing the monolayer, centrifuged for 1 min at 16 000 g, and the supernatant transferred to a new tube and stored at − 80°C until it was titered on HEK-293A cells with plaque assays.
Preparation of cell lysate and immunoblot analysis
Whole-cell lysate was prepared using M-PER mammalian protein extraction reagent (Pierce, Rockford, IL, USA). Protein concentration was determined using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific). 25 μg of protein samples were treated and assayed on 4-12% NuPAGE Bis-Tris gels and transfered onto a polyvinylidene difluoride membrane according to the manufacturer's instructions. The membranes were blocked for 1 h at room temperature with blocking buffer and incubated overnight at 4°C with primary antibodies in blocking buffer. The following antibodies were used: c-myc, the coxsackie and adenovirus receptor (CAR), E1A and β-tubulin. Proteins were visualized by enhanced chemiluminescence substrate. , animals were randomized into two groups (PBS and AdTAV-255) and treatment was initiated. AdTAV-255 or PBS was given intratumorally (5 × 10 7 PFU per tumor in 50 μl PBS) every three days for three doses (on days 0, 3, and 6). Tumors were measured with a caliper every other day, and the tumor volume was calculated using the formula volume = (length × width 2 )/2. Mice were euthanized if their tumor diameter exceeded 1.5 cm or tumor volume exceeded 600 mm 3 . All animal procedures were approved by University of California, San Diego IACUC.
Statistical analysis
All determinations were performed in duplicate or triplicate; each experiment was repeated at least three times. Values are expressed as mean ± s.e. m. Prism 4 software (GraphPad Software, La Jolla, CA, USA) was used for data analysis. Comparison between two groups was based on unpaired t-test. Log-rank test was performed to establish the significance of the differences between survival data.
11 A value of P o0.05 was considered to be statistically significant.
RESULTS
AdTAV-255 can infect and produce viral progeny in ADS-12 cells Human adenovirus type 5 infects and replicates poorly in murine cell lines. 4, 5 We assessed if oncolytic AdTAV-255 can infect and replicate in murine ADS-12 cells. The CAR facilitates efficient viral uptake and is not present on all cell types. 12, 13 E1A is the first viral gene product that is expressed during infection and is essential for viral replication and production.
14 Thus, we first tested whether ADS-12 cells expresses CAR and if E1A is expressed after AdTAV-255 infection. We infected both ADS-12 cells and CT26 (mouse colon adenocarcinoma) cells with AdTAV-255 for 24, 48 and 72 h. Western blot analysis confirmed that ADS-12 cells express abundant CAR and CT26 cells lack CAR expression 15 ( Figure 1a) . ADS-12 cells infected with the adenovirus AdTAV255 express the E1A protein within 24 h of infection, whereas CT26 cells have minimal expression at any time point (Figure 1a) . We screened other murine cell lines and found heterogeneity in their permissiveness for E1A expression. F244 cells (murine sarcoma, which like ADS-12 cells are from a 129/Sv background) express E1A upon infection, while the murine melanoma cell line B16F10 which does not express CAR 16 showed no E1A expression at the doses tested (Figure 1b) . Many murine cells support E1A expression but are unable to support viral replication, 17 so we next tested these cells for the ability to produce infectious progeny virions. We infected the mouse cell lines ADS-12, F244 and B16F10 for 72 and 96 h with 10 MOI of AdTAV-255 and performed viral titers after infection. Neither CT26 cells nor F244 cells produced viral progeny (data not shown). However, AdTAV-255 can replicate in ADS-12 cells in a time dependent manner (Figure 1c) . Those experiments involved the usual practice of performing freeze-thaw cycles to release the virus, so we also tested whether the virus itself is able to induce lysis and escape from infected ADS-12 cells. We infected ADS-12 cells with AdTAV-255 at 1 MOI, supplemented the wells with media during the course of incubation to minimize cell death from starvation, collected media and centrifuged to remove cells and debris before titering. The number of plaque forming units in the media increased over time (Figure 1d ), indicating that infectious viral progeny are released from ADS-12 cells after infection at low MOI without requiring further disruption. To ensure that the ADS-12 cell line we were using had not become contaminated with and overgrown by human cells, we isolated genomic DNA from the cells and amplified the lactate dehydrogenase gene. Sequencing this PCR product showed that it matched the mouse and not human isoform of the gene (data not shown). Thus, the ADS-12 cell line is a unique murine cell line that has CAR expression and supports the full lytic life cycle of adenovirus following AdTAV-255 infection.
Our previous results demonstrated that AdTAV-255 had minimal cytotoxicity in nontransformed cells, but demonstrated potent cytolytic activity in a panel of human tumor cells including A549 cells. 9 ADS-12 cells proliferate rapidly with a doubling time of 12-14 h compared with a doubling time of 24-35 h for other human and murine cancer cell lines (Figure 2a) . We assessed the cytotoxicity of AdTAV-255 on a panel of murine tumor cell lines. First we compared ADS-12 cells with CAR negative CT26 cells. MTT assay results indicated that an MOI of 10 AdTAV-255 was highly lytic (80% cell death) in ADS-12 cells, whereas no cytotoxicity was observed in CT26 cells at 6 days post infection (Figure 2b ). Crystalviolet staining showed that at an MOI of 10, AdTAV-255 induced ADS-12 cell death in 6 days. There was no cytotoxicity in other murine cancer cell lines such as B16F10 and F244 (Figure 2c ). AdTAV-255 killed ADS-12 cells in a dose-and time-dependent manner on MTT assays (Figure 3a) , and clonogenic assays showed that only a few colonies formed after infection at 10 MOI and no colonies formed at 20 MOI (Figure 3b ).
AdTAV-255 downregulates c-Myc expression in ADS-12 cells c-Myc is frequently overexpressed in human cancers. The c-Myc oncoprotein is a transcription factor, with many of its target genes encoding proteins that control cell growth and proliferation. 18, 19 In separate experiments, we found that adenoviral infection affects c-Myc expression in cancer cells, raising the possibility that adenovirus can be used to affect oncogenes that are not typically considered as 'druggable' targets (manuscript submitted). We (Figures 5a and b) . Tumors in mice treated with three injections of TAV-255 were 278 ± 45 mm 3 (n = 9) whereas tumors in mice treated with PBS were 531 ± 66 mm 3 (n = 6; P o0.01). Viral treatment did not cause any discernible toxicity; both groups of mice were active until their tumors reached 1.5 cm in longest dimension or 600 mm 3 volume, at which point they were euthanized. AdTAV-255 significantly improved survival in this cancer model (Figure 5c ). 12 days after starting treatment, four out of six mice in the control group were sacrificed because of tumor size, but all mice in the AdTAV-255 group were alive.
We did not observe any evidence of toxicity from the viral treatments, indicating that viral concentrations up to 5 × 10 7 PFU were well tolerated in these mice. These data suggest that significant amounts of AdTAV-255 could be administered without acute toxicity and that AdTAV-255 exhibited strong inhibitory effect on the growth of ADS-12 tumors.
DISCUSSION
In this study, we find that the ADS-12 mouse lung cancer cell line is well suited for preclinical evaluation of oncolytic adenoviral therapy. ADS-12 cells express CAR, are killed by adenovirus and produce infectious viral progeny. ADS-12 cells are highly tumorigenic; tumors grew in all 15 of the injected mice and were sensitive to treatment with a human adenovirus. This allows us to, for the first time, model oncolytic adenoviral therapy in a fully immunocompetent mouse model.
A core feature of oncolytic viruses is the capacity to infect and kill tumor cells and release infectious viral progeny to subsequently infect and kill additional tumor cells. 20 The potential for successive waves of tumor cell killing is dependent on replication of the virus and release of infectious viral progeny. A significant limitation of mouse model systems for studying oncolytic human adenoviruses is that, while many murine cell lines are infected by human adenoviruses and express viral proteins, they are unable to produce progeny virions. 21 Therefore, to model the therapeutic impact of oncolytic viruses, it is critical to distinguish murine systems capable only of viral protein and DNA synthesis from those systems fully capable of producing infectious progeny virions. For example, a report by Wang et al. 7 describes viral genome replication in mouse bladder transitional tumor cells and lung adenocarcinoma cells (LA795), but without production of infectious progeny virions. The term 'viral replication assay' has been applied to staining infected cells for expression of the viral protein hexon, which does occur in murine cells 22 but does not establish that they produce infectious viral progeny as a plaque assay or limiting dilution assay does. One report described human adenovirus replication in a set of mouse cancer cell lines using limiting dilution assays, 23 however, those findings could not be reproduced. 24 Xenograft models have been used to study oncolytic adenoviruses in nude mice, but they cannot fully model the host immune response against both the virus and the cancer. Other model organisms have therefore been used including the Syrian hamster, 25 cotton rats 26, 27 and pigs. 28 However, they lack the vast body of research and tools for studying immunologic responses available in mice.
ADS-12 cells were derived by clonal isolation and adenoviral sensitivity testing of LKR-13 lung adenocarcinoma cells isolated from a K-ras LA1 mouse. [29] [30] [31] LKR-13 cells were used to study antitumoral role of curcumin and histone deacetylase inhibitor, 32, 33 miRNA on tumorigenesis, 34 and interaction between tumor cells and stromal cells. 35 In this study, we demonstrate that ADS-12 cells express abundant levels of E1A protein, similar to the highly permissive human A549 cell line, and that the capacity of AdTAV-255 to suppress cellular oncogenes is preserved in the ADS-12 model. Therefore, the ADS-12 model will allow us to study the impact of gene expression changes in the tumor in the context of an immunologically competent model system. Oncolytic viruses are showing efficacy in human clinical trials of JX-594 and talimogene iaherparepvec 36 that use vaccinia and herpes viruses, respectively, to deliver granulocyte macrophage colony-stimulating factor. Further investigations into immunostimulatory viral therapies could be advanced by human adenoviruses in an immunocompetent mouse model system. For example, we have inserted tumor necrosis factor into the vector and can evaluate this activity of this vector in immunologically intact mice. We therefore anticipate that the ADS-12 model will be useful for preclinical studies of oncolytic adenoviruses, particularly immunomodulatory viruses, in a fully immunocompetent mouse. In summary, these data indicate that the ADS-12 cell line is a unique murine cancer cell line that supports infection by human adenovirus, expresses adenoviral proteins, undergoes lytic cell death and produces viable infectious particles following AdTAV-255 infection. This could therefore be used as a model system to study the effect of the host immune system on the vector-infected tumor, to evaluate the effects of oncolytic adenoviral therapy with an intact immune system, to determine the safety and biodistribution of replication-competent adenoviruses, modeling both the immune system's effects on inhibiting viral spread throughout the tumor and the potential for immunostimulatory viruses to induce an anticancer immune response.
